Thin films of 9.5% yttria-doped zirconia in the range of 17-210 nm thickness were deposited on MgO ͑100͒ substrates by electron beam evaporation. The conductivity of the films was found to increase as the film thickness decreased. The films were found to be a mixture of both cubic and tetragonal phases. The impedance and electrical modulus parameters indicate that the relaxation process is due to ionic conduction. Enhancements in conductivity are attributed to the space charge effects that occur at the interface and grain boundaries as evidenced by the high activation energy observed in the conductivity relaxation process. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2385211͔ Substantial changes in carrier concentrations are predicted to occur at surfaces or interfaces in ionic conductors such as yttria-doped zirconia ͑YDZ͒ due to space charge effects.
Thin films of 9.5% yttria-doped zirconia in the range of 17-210 nm thickness were deposited on MgO ͑100͒ substrates by electron beam evaporation. The conductivity of the films was found to increase as the film thickness decreased. The films were found to be a mixture of both cubic and tetragonal phases. The impedance and electrical modulus parameters indicate that the relaxation process is due to ionic conduction. Enhancements in conductivity are attributed to the space charge effects that occur at the interface and grain boundaries as evidenced by the high activation energy observed in the conductivity relaxation process. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2385211͔ Substantial changes in carrier concentrations are predicted to occur at surfaces or interfaces in ionic conductors such as yttria-doped zirconia ͑YDZ͒ due to space charge effects. 1, 2 Electrical conduction that occurs at the surface or interface of a material is expected to play a significant role when one of the sample dimensions is in the nanoscale, approximately of the order of magnitude of the Debye length. Such effects ͑also referred to as nanoionic effects͒ have recently been experimentally observed in fluoride ion conducting superlattices and oxide-ion conductors. [3] [4] [5] Recent experimental reports in oxide systems show varied results such as significant conductivity enhancements as reported by Kosacki et al. 5 and minor decrease in conductivity seen by Guo et al. 6 Thus fundamental origin of size effects in ionic systems is still largely unknown and needs systematic investigation.
Yttria-doped zirconia is used as an electrolyte material in solid oxide fuel cell, electrochemical sensors and is gaining importance as a potential candidate for alternative energy sources. We have carried out an experimental investigation of ac electrical conductivity of YDZ films of thickness in the range of 17-210 nm synthesized on various substrates. The total conductivity of the YDZ polycrystalline films increases by about an order or more when the film thickness is nearly 17 nm. Based on a detailed analysis of ac impedance and electrical modulus, the conductivity enhancement is attributed to space charge effects.
Single crystal MgO ͑100͒ ͑purchased from MTI Corporation͒ were used as substrates for depositing yttria-doped zirconia films of varying thickness. The film deposition was carried out by electron beam evaporation with the substrate at room temperature at an estimated deposition rate of 0.5 Å / s. Yttria stabilized zirconia ͑YSZ͒ ͑9.5 mol % yttria͒ pieces were used as the source material. The MgO substrate was first cleaned in acetone, methanol, and subsequently with de-ionized water and then heat treated to 600°C in situ in the electron beam chamber for 30 min. Film thicknesses were measured using Rutherford backscattering and low angle x-ray scattering. YDZ films with thicknesses of 17, 35, 70, and 210 nm were deposited on MgO ͑100͒ single crystals measuring 10ϫ 10 mm 2 . The film area was fixed at 8 ϫ 8 mm 2 using a mask. In addition, films were also deposited on ͑0001͒ Al 2 O 3 substrates using the same procedure described above for comparison studies. The electrical conductivity measurements were carried out on heat treated films using a homebuilt high temperature setup comprising of a specially machined alumina sample holder that was built into a furnace and electrical leads were made of pure platinum. Platinum paste was used as the electrode contact with the samples in a two-probe configuration and heat treated to 900°C for 2 h for good contact formation. Four platinum leads were attached to the electrodes for independent current and voltage measurements. ac impedance measurements were carried out using a Solartron electrochemical system in the frequency range of 1 Hz-300 kHz and in the temperature range of interest to fuel cell applications, i.e., 700-940°C in air.
X-ray diffraction data for a 210 nm thick film recorded after electrical conductivity measurements are shown in Fig.  1 . Examinations of phases in this film and films of lower thickness show that the yttria-doped zirconia is partially stabilized. Additional diffraction peaks seen in Fig. 1 are due to platinum electrodes and MgO substrate as indicated. The films were studied by Rutherford backscattering and nuclear reaction analysis, it was found that the film composition was similar to that of the source used for evaporation. An Arrhen- ius plot of total conductivity for films of various thicknesses grown on MgO is shown in Fig. 2 . These conductivity values were obtained by plotting frequency dependence of impedance in the complex plane and by fitting it to an equivalent circuit. Sample impedance spectra of the 17 nm film deposited on MgO and recorded at various temperatures are shown in Fig. 3 . One semicircular arc corresponding to ionic conduction in the film is observed at high and intermediate frequencies. At lower frequencies, formation of a small straight line with phase angle is observed and is attributed to the partially nonporous nature of the platinum electrode and the associated electrode processes. Similar results were observed for samples of higher thickness. The electrical conductivity of single crystal of 10% YSZ reported in literature 7 is also shown in Fig. 2 for comparison. High conductivity close to single crystal values is observed even with polycrystalline samples of thickness as low as 210 nm. These values when compared to the bulk polycrystalline values are higher and are attributed to interfacial effects. For the 17 nm thick film, total conductivity enhancement is nearly one order of magnitude higher than that for single crystal YSZ.
The resistance of bare MgO and Al 2 O 3 substrates was systematically measured under identical conditions and found to be significantly higher than the samples and conductivity values were about five to six orders less than that of YSZ and moreover have higher activation energies ͑MgO ϳ1.3 eV and Al 2 O 3 ϳ1.67 eV͒. The activation energy for oxygen ion migration observed in the thin-film samples was found to be nearly 1.1 eV and agrees well with activation energy typically observed in bulk YSZ. 5 In order to understand the role played by MgO/YSZ interface, a 17 nm film was also grown on Al 2 O 3 ͑0001͒ and identical heat treatments and conductivity measurements as described earlier were carried out systematically. The conductivity result for YDZ films on alumina substrates is also shown in Fig. 2 and seen to be similar to that of the films grown on MgO substrate. Hence the conductivity enhancements are attributed to conduction properties of the films. However, the interface of the zirconia films with the insulating surface of the substrate may still have a significant role in determining the transport properties.
The conduction relaxation mechanism in the thin films was further investigated by analyzing various immittance parameters as a function of frequency ͑f͒ and temperature. From the electrical modulus it is possible to distinguish a frequency domain within which the ionic transport is long range and above which it is localized. 8, 9 Ionic transport processes would represent a peak in the imaginary part of modulus ͑MЉ͒ as a function of frequency and no such corresponding peak in the imaginary part of dielectric constant ͑Љ͒. The yttria-doped zirconia film deposited on MgO and Al 2 O 3 was found to have no peaks in Љ vs f plots in the temperature range of 700-940°C. However, all the samples show a clear peak in the corresponding MЉ vs f plots. MЉ vs log f plot for a 17 nm thick sample on MgO substrate measured at 900°C is shown in Fig. 4 . The values shown are scaled to the peak value of the imaginary part of modulus M max Љ and shown along with scaled values of imaginary part of impedance ͑Z max Љ ͒. Both impedance and modulus spectra show a peak at the same frequency value ͑f = f max ͒. The relaxation time corresponding to this maxima is defined as =1/2f max . Let m and z be, respectively, the relaxation times obtained from modulus and impedance plots. The absence of a peak in Љ together with the equivalence of = m = z signify long range ionic diffusion, namely, that of oxygen anion which occur below f max .
The temperature dependence of conductivity relaxation time ͑͒ obtained from the modulus plots for representative samples is shown in Fig. 4 . The relaxation time clearly shows Arrhenius-type temperature dependence. The estimated activation energies are nearly 1.7 eV. This is significantly higher than the activation energy for ionic migration obtained from conductivity plots ͑ϳ1.1 eV͒ and those obtained from relaxation time measurements for single crystal YSZ ͑1.16 eV͒. 9 The attempt frequency of oxygen obtained from these plots is about 10 12 s −1 , close to the experimental observation 10 of nearly 10 13 s −1 . Previous calculations indicate that the Debye length in YSZ is expected to be of the order of few nanometers. 2 However, it should be noted that the defect association is strong in YSZ as indicated by the conductivity maxima with yttria content. Defect association and increase in dielectric constant are expected to increase the Debye length at high temperatures. Hence sample thicknesses we have investigated here can be expected to be in the regime where space charge and interfacial effects are non-negligible and conductivity relaxation process itself could possibly originate from different mechanisms. Space charge regions at the interface and the grain boundaries are likely responsible for higher activation energies and have also been observed in doped perovskites 11, 12 and at grain boundary regions of oxide-ion conductors. 13, 14 In summary, we find a systematic nontrivial increase in conductivity of the yttria-doped zirconia films deposited by electron beam evaporation as the thickness decreases. An order of magnitude increase in conductivity is observed when the film thickness is ϳ17 nm. Such conductivity enhancements were also observed in samples deposited on various substrates and suggests that it is not primarily a substrate-specific effect. Conductivity enhancements open up exciting opportunities for applications of oxide-ion conducting nanostructures in renewable energy technologies such as solid oxide fuel cells and possibly lead to discovery of tailored nanoscale materials that are fast-ion conductors.
